. INTRODUCTION {#s01}
==============

Betacoronaviruses are characterized by enveloped, positive-sense, single-stranded RNA, and hosted in animals, particularly mammals ([@bCui2019]). Before December 2019, four species/strains of Betacoronavirus, HKU1, MERS-CoV, OC43, and SARS-CoV, had been reported to cause severe human diseases ([@bCui2019]). The fifth species/strain, a novel betacoronavirus SARS-CoV-2 / HCoV-19 / 2019-nCoV ([@bGorbalenya2020]; [@bJiang2020]) causing human pneumonia (i.e., COVID-19), was first reported in Wuhan, Hubei, Central China ([@bWu2020a]; [@bZhou2020]; [@bZhu2020]). Up to 29 February 2020, SARS-CoV-2 had infected more than 85 000 people in all provinces/regions of China, and another 59 countries/regions across Africa, Asia, Europe, North America, Oceania, and South America ([@bWikipedia2020]). Because SARS-CoV-2 can transmit from human to human ([@bLi2020]), the massive exodus of people before the Chinese Spring Festival boosted the infection frequencies, as predicted ([@bWu2020b]). Daily confirmed infection cases were more than 2 000 between 30 January and 16 February, 2020, and the highest was more than 15 100 ([@bWikipedia2020]), almost twice the total number for SARS-CoV ([@bChan-Yeung2003]).

As a member of subgenus *Sarbecovirus*, SARS-CoV-2 has been suggested to be of bat origin ([@bLu2020b]; [@bZhou2020]), and may have been transmitted to humans through non-bat intermediate mammals (e.g., pangolins ([@bCyranoski2020]; [@bLam2020]; [@bWong2020]; [@bXiao2020]; [@bZhang2020b])). Medical information for the first 41 infected patients in Wuhan showed that 27 patients were linked to the Huanan Seafood Wholesale Market (abbreviated as Huanan market in the text below) ([@bHuang2020]; [@bLi2020]), which sold living wild mammals. This suggests a high possibility that SARS-CoV-2 originated in the market, then the infected people transmitted it to other people outside of the market. However, this conclusion has been challenged because the first identified infected person and 12 others had no link to the Huanan Market. Some researchers have therefore argued that the Huanan Market was not the original and/or only source of SARS-CoV-2 transmission to humans ([@bCohen2020]). The market was closed on 01 January 2020, making it very difficult to identify the intermediate animal vectors of SARS-CoV-2. In the absence of information on potential intermediary reservoirs, the origin and transmission pattern of SARS-CoV-2 are still unresolved ([@bWong2020]).

Since the outbreak of COVID-19 was first identified in Wuhan in mid-December 2019, the first infected individuals identified in other provinces and regions of China, and other countries, during January 2020, have been assumed to have been infected in Wuhan or through contact with people from Wuhan ([@bChan2020]; [@bHolshue2020]; [@bPhan2020]; [@bRothe2020]). In this study, we used 93 genomes of SARS-CoV-2 from the GISAID EpiFlu^TM^ database ([@bShu2017]) (access date 12 February 2020) to decode the evolution and transmissions of SARS-CoV-2 in the first two months of its spread. Our aims were to: (1) characterize genomic variations of SARS-CoV-2; (2) infer the evolutionary relationships of the worldwide samples; and (3) deduce the transmission history of SARS-CoV-2 within Wuhan and out of Wuhan to the world.

. MATERIALS AND METHODS {#s02}
=======================

To decode the evolutionary history of SARS-CoV-2, we retrieved 96 complete genomes from GISAID (Supplementary Table S1, access by 12 February 2020) ([@bShu2017]). The genome EPI_ISL_402131 (bat-RaTG13-CoV, hereafter) from GISAID was also included as the outgroup, because it is the closest sister betacoronavirus available to SARS-CoV-2 ([@bZhou2020]). The 97 genome sequences were aligned using MAFFT ([@bKatoh2013]), then the alignment was manually checked using Geneious (Biomatters, New Zealand). In the alignment, we found that EPI_ISL_404253 contains six ambiguous sites at variable positions and EPI_ISL_407079 and EPI_ISL_408978 have 175 "N" and 1476 "N" bases, respectively, so these three genomes were excluded in this study. In addition, four genomes (EPI_ISL_407071, EPI_ISL_407894, EPI_ISL_407896, and EPI_ISL_409067) have their own private ambiguous sites, which were conservatively replaced by the common nucleotide at that position in the alignment; Notably, EPI_ISL_406592 (H15) and EPI_ISL_406595 (H17) had excessive amounts of private variable sites, which were possibly affected by sequencing errors. In the alignment, the 5\' untranslated region (UTR) and 3\' UTR regions contain missing and ambiguous sites, so these regions were excluded in the following analyses.

The alignment was then imported into DnaSP ([@bRozas2017]) for haplotype analyses. Population size changes were estimated based on a constant population size hypothesis using DnaSP, in combination with neutrality tests (Tajima's *D* and Fu's *F*~s~). We also used Arlequin ([@bExcoffier2010]) to test the sudden population expansion hypothesis and to calculate the expansion parameter tau (*τ*), since the sudden population expansion was not rejected. We used the formula *t*=*τ*/2*u* ([@bRogers1992]) to estimate the time since expansion (in days). In the formula, *u* is the cumulative substitution rate per year for the genome sequence, so we used the formula *u*=*μk* to calculate it, where *μ* is the substitution rate per site per year, and *k* is the genome sequence length (29 358 bp for the coding sequence (CDS) matrix). The substitution rate was set as 0.92×10^−3^ (95% CI, 0.33×10^−3^--1.46×10^−3^) substitution/site/year based on the most recent estimation for SARS-CoV-2 ([@bRambaut2020]). To adjust the time, we used a mean value of the expansion time calculated from the three substitution rates, i.e., 0.33×10^−3^, 0.92×10^−3^, and 1.46×10^−3^ substitution/site/year. In addition, the expansion date was estimated based on the sampling date from hospitalized patients. The estimated date should be later than the "real" date of massive human-to-human transmission events.

Phylogenetic networks of the haplotype coding region matrix and 120 substitution sites of SARS-CoV-2 (Supplementary Datasets) were inferred using SplitsTree ([@bHuson2006]). A median-joining network of haplotypes was generated by the NETWORK program ([@bBandelt1999], [@bBandelt2020]) with the reported bat coronavirus (bat-RaTG13-CoV, ([@bZhou2020])) as the outgroup. Transversions were arbitrarily weighted three times as high as transitions. Hypervariable sites (if number of mutations ≥5) were weighted as 1, and the other sites were weighted as 10. Genetically, SARS-CoV-2 and bat-RaTG13-CoV, as well as SARS-CoV, have been proposed as the same species ([@bGorbalenya2020]), and genome sequence identity between bat-RaTG13-CoV and SARS-CoV-2 was 96.2%. We carefully used three datasets (i.e., four core substitution sites, 120 substitution sites, and 1 235 substitution sites, Supplementary Datasets) to evaluate the relationship between bat-RaTG13-CoV and four associated/central haplotypes of SARS-CoV-2 (H1, H3, H13, and H38). Phylogenomic analyses of haplotypes were performed using IQ-TREE ([@bMinh2020]). We conducted likelihood mapping and SH-like approximate likelihood ratio tests to assess the phylogenetic information and branch supports, respectively.

. RESULTS AND DISCUSSION {#s03}
========================

. Genomic variations of SARS-CoV-2 {#s03.01}
----------------------------------

Genome size of SARS-CoV-2 varied from 29 782 bp to 29 903 bp. The aligned matrix was 29 910 bp in length, including 140 variable sites. The CDS regions contained 120 substitution sites (Supplementary Figure S1), which were classified as 58 haplotypes (Supplementary Table S2). Nucleotide diversity (*P*~i~) was 0.15×10^−3^±0.02×10^−3^ (standard deviation, *SD*, hereafter). Haplotype diversity (*H*~d~) was 0.953±0.016 (*SD*) and variance of *H*~d~ was 0.26×10^−3^.

There were 120 substitution sites found in eight coding sequence (CDS) regions of SARS-CoV-2 ([Figure 1](#Figure1){ref-type="fig"}, Supplementary Table S2), including 79 transitions (65.83%) and 41 transversions (34.17%). A chi-squared test showed that the distribution of substitution sites across CDS regions in the genome was even (*χ*^2^=1.958, *d*~f~=9, *P*=0.99). Substitution sites occurring at the 1st to 3rd frame positions were 27 (25.55%), 44 (40.0%), and 49 (44.55%), respectively. The 120 substitution sites were associated with 119 codons, including 79 non-synonymous (65.83%) and 40 synonymous (33.61%) substitutions. Forty non-synonymous substitutions (50.63%) changed the biochemical properties of the amino acid (AA), and are therefore potentially associated with virus adaptation. The current samplings showed that the H1 haplotype has been found in 19 patients, but most haplotypes were just sequenced once, suggesting that the haplotype H1 was rapidly circulated at an early stage of human-to-human transmissions ([Figure 2](#Figure2){ref-type="fig"}, Supplementary Table S1).

![Summary information for 120 substitution sites crossing eight coding sequence regions in the aligned SARS-CoV-2 genomic sequences](zr-41-3-247-1){#Figure1}

![Genomic haplotypes of SARS-CoV-2 changes between the collection dates of samples](zr-41-3-247-2){#Figure2}

In comparisons with published genomes of SARS-CoV ([@bLuk2019]) and MERS-CoV ([@bCotten2013]), genomic variations of SARS-CoV-2 are still low, without evident recombination sites/regions (*R*~m~=2, *P*=1.0) at this time. According to the collection dates of the sequenced samples, haplotypes H1 and H3 were found in two samples at intervals of more than 30 days, and multiple samples over 20 days ([Figure 2](#Figure2){ref-type="fig"}, Supplementary Table S1). Although the incubation period can be over 24 days, there was only one case of this out of 1 099 observations ([@bGuan2020]). Estimation of the substitution rates using 90 genomes of SARS-CoV-2 ([@bRambaut2020]) showed that the rate for SARS-CoV-2 was close to or lower than the rates for MERS-CoV ([@bCotten2014]; [@bDudas2018]) and SARS-CoV ([@bZhao2004]). Due to the mild symptoms and low mortality ([@bYang2020]; [@bZhang2020a]), the immune systems of the infected humans may provide a suitable environment for propagation of SARS-CoV-2 ([@bAndersen2020]). SARS-CoV-2 is highly infectious ([@bYang2020]) and is able to infect humans not only through the mucous membranes of the nose and mouth, but also use the mucous membranes in the eyes ([@bLu2020a]), which may boost regional circulation and large-scale spread. Some large mutations may have occurred in Wuhan or other regions, but the strict quarantine policy over China since 23 January 2020 may have reduced the circulation and spreading of some mutants.

Of the 93 genomes of SARS-CoV-2, 39 (41.93%) were from infected patients in 11 countries outside China and encoded 31 haplotypes (*H*~d~=0.987±0.009 (*SD*), *P*~i~=0.16×10^--3^±0.01×10^--3^), with 27 nationally/regionally private haplotypes. The 54 genomes (58.07%) from China also encoded 31 haplotypes (*H*~d~=0.906±0.001 (*SD*), *P*~i~=0.14×10^--3^±0.03×10^--3^). A proportion *Z*-test showed significant differences in haplotype diversity of samples between China and other countries (*χ*^2^=4.024, *d*~f~=1, *P*\<0.05). The high haplotype diversity found in samples from other countries may be because the sampling dates were mostly after 22 January 2020, while those in China were before this date (Supplementary Table S1 and Figure S2). In addition, the low level of radiation exposure on long-distance international flights ([@bBottollier-Depois2000]) may have accelerated mutation rates of SARS-CoV-2 ([@bShibai2017]).

. Population size expansion of SARS-CoV-2 {#s03.02}
-----------------------------------------

We used a variety of parameters to estimate the population dynamics of SARS-CoV-2. Constant population size of SARS-CoV-2 was rejected (Ramos-Onsins and Rozas's *R*^2^=0.025, *P*\<0.001; Raggedness*r*=0.011, *P*\<0.05) using DnaSP ([@bRozas2017]) (also see Supplementary Figure S3), while both Fu\'s test (*F~s~*=--67.681.964, *P*\<0.001) and Tajima\'s*D* test (*D*=--2.701, *P*\<0.001) indicated that the population size of SARS-CoV-2 was rapidly increasing. Mismatch distribution analysis using Arlequin ([@bExcoffier2010]) strongly supported that the population of SARS-CoV-2 underwent sudden expansion (*τ*=2.887, Sum of Squared deviation, *SSD*=0.541×10^--3^, *P*=0.88, Harpending\'s Raggedness index, *R*=0.010, *P*=0.88). The calculated expansion was 28.72 days (95% Confident Interval: 12.29--54.36 days) ago. Of the 93 genomes, the latest one was sampled on 03 February 2020, so the estimated expansion date was on 06 January 2020 (95% CI: 11 December 2019--22 January 2020), which may be related to the New Year holiday. Before 06 January 2020, 129 patients were identified as SARS-CoV-2 infected through field investigations ([@bLi2020]). Of 22 genomes (17.05% of 129 patients) sequenced before 06 January 2020 in Wuhan, China, 13 haplotypes (22.41% of 58 haplotypes) were recovered, which were H1 and its derived descendant haplotypes, and H3 ([Figures 2](#Figure2){ref-type="fig"} and [3A](#Figure3){ref-type="fig"}). Coincidentally, the China CDC (Chinese Center for Disease Control and Prevention) started to activate a Level-2 emergency response on 06 January 2020 ([@bLi2020]). The China CDC's emergency response greatly reduced public activities and travel, and might have reduced the local circulation and large-scale spread in the following weeks of January.

![Evolutionary relationship and geographical distribution of 58 haplotypes of SARS-CoV-2 (A, B)](zr-41-3-247-3){#Figure3}

Furthermore, mismatch distribution analysis of the 22 genomes before 06 January 2020 also showed a sudden population expansion of SARS-CoV-2 at an earlier stage of transmission (*τ*=2.818, *SSD*=0.010, *P*=0.41, *R*=0.046, *P*=0.57, Tajima's *D*=--2.241, *P*\<0.001; Fu\'s*F~s~*=--7.834, *P*\<0.001). This earlier population expansion time was estimated at 28.38 days (95% CI: 12.00--54.36 days) before 05 January 2020, which was the latest sampling date of the 22 genomes. This earlier expansion date was thus estimated to have occurred on 08 December 2019 (95% CI: 13 November 2019--26 December 2019), when there was only one infected patient officially reported ([@bHuang2020]; [@bLi2020]). This suggests that SARS-CoV-2 might have already circulated widely among humans in Wuhan before December 2019, probably beginning in mid to late November ([@bRambaut2020]).

. Evolutionary relationships of SARS-CoV-2 haplotypes {#s03.03}
-----------------------------------------------------

Phylogenetic networks showed that the 58 haplotypes were clustered into two main clades ([Figure 4](#Figure4){ref-type="fig"}). Clade I included 19 haplotypes and Clade II included 39 haplotypes. The outgroup bat-RaTG13-CoV was connected to Clade I, supposed to be an ancestral clade for Clade II. The long branches of H15 and H17 correspond to an excessive amount of mutations, which are possibly affected by sequencing errors, but this is still to be determined. Three different datasets were used to infer evolutionary networks, which consistently supported H13 and H38 as the potentially ancestral haplotypes, i.e., the outgroup bat-RaTG13-CoV could connect to both H13 and H38, or H38 alone, or through a medium vector mv1 (an intermediate host or the first infected humans) connected to both H13 and H38 by single mutations at positions 18067 (S, synonymous substitution) and/or 29102 (S), referring to the numbering of the alignment length 29 910 bp ([Figure 5](#Figure5){ref-type="fig"}). Five main groups can be recognized in the network using the dataset of 120 substitution sites ([Figure 3A](#Figure3){ref-type="fig"}). The H1, H3, and H13 were three core haplotypes, so that Groups A--C were recognized using them as the central (i.e., ancestral super-spreader) haplotypes. Groups D and E were recognized based on two new super-spreader haplotypes, H56 and a medium vector mv2, which was a hypothesized (often ancestral) haplotype not sampled in the current samples. These two groups can be also treated as subgroups of Group C. Moreover, the SH-like approximate likelihood ratio test further enhanced the phylogenetic relationship retrieved from 58 haplotypes, that either H13 or H38 (with H45) appeared in the basal lineages (Supplementary Figure S4), although it was difficult to distinguish which one, H13 or H38, originated earlier (Supplementary Figure S5).

![Phylogenetic networks of 58 haplotypes of SARS-CoV-2 with the outgroup bat-RaTG13-CoV using the whole coding region matrix (A) and 120 substitution sites (B), referring to all variable sites of coding regions in SARS-CoV-2 haplotypes](zr-41-3-247-4){#Figure4}

![The inferred relationships between the outgroup bat-RaTG13-CoV and four associated/central node haplotypes (H1, H3, H13, and H38) of SARS-CoV-2 using three datasets](zr-41-3-247-5){#Figure5}

In the network, four satellite haplotypes and H35 connected to H13 (Group A), and nine satellite haplotypes and H38+H45 and H50 connected to H3 (Group B). The connections between the H3 and H1 are two mutations at positions 8789 (S) and 28151 (NS, non-synonymous substitution) ([Figure 5](#Figure5){ref-type="fig"}), the latter mutation changed both residues and the biochemical properties of the AA. This biochemical change may be associated with the infectivity of SARS-CoV-2. The H1 haplotype, the most abundant, included 19 samples, while 26 satellite haplotypes and H40+(H43 and H47) haplotypes are directly derived from H1 (Group C). Moreover, five haplotypes of Group D and four haplotypes of Group E were also derived from H1.

. The Huanan Seafood Wholesale Market boosted human-to-human transmission at an early stage {#s03.04}
-------------------------------------------------------------------------------------------

Phylogenetic networks showed that bat-RaTG13-CoV was nested with Group B in Clade I, and Clade II tends to be derived from Clade I, i.e., H1 and its descendant haplotypes were new mutants from an ancestral haplotype in Clade I. The rooted network suggested two potential evolutionary paths of available haplotypes that can be from H13 through H3 to H1 and H38, or from H38 through H3 to H1 and H13 ([Figure 3C](#Figure3){ref-type="fig"}). Both scenarios suggested that H3 might be the ancestral haplotype of H1. H13 was only recovered from five Shenzhen (Guangdong Province) samples, including patient 2 of the familial cluster ([@bChan2020]). Two derived haplotypes were also only found in Shenzhen of Guangdong Province (H14 from the grandson of patient 2), and the other three haplotypes were found in three samples from Japan and one sample from Arizona in the United States ([Figure 3](#Figure3){ref-type="fig"}). According to an epidemiological study, the Shenzhen family could have been infected during their visit to Wuhan ([@bChan2020]). This suggests that H13 might have originated from Wuhan. Genetically, haplotypes of Group A have links to only Wuhan haplotype H3 (only EPI_ISL_406801). It is possible that H13 was newly derived from H3 ([Figure 3C](#Figure3){ref-type="fig"}) and did not spread in Wuhan, or that three repatriated Japanese might be infected by an unknown source of H13 in Wuhan, China or somewhere else ([@bThe2020c]), or that no samples have been sequenced yet. H38 has three genomes from the same patient (Supplementary Table S1), who was the first identified infected patient in the United States ([@bHolshue2020]). This patient might have been infected while visiting his family in Wuhan, China, or was infected in some other place. The original source of H38 can be explained as that of H13, which can be also derived from H3 ([Figure 3C](#Figure3){ref-type="fig"}), and the derived H45 was from a Chongqing patient who was reported as working in Wuhan and had no link to the Huanan Market.

The H3 haplotype has only one sample from Wuhan, which was not linked to the Huanan Market ([@bLu2020b]), and the other samples in this group were from outside of Wuhan ([Figure 3A](#Figure3){ref-type="fig"}). Noteworthily, all the samples from the Market belonged to H1 or its derived haplotypes (H2, H8-H12, see [Figure 2](#Figure2){ref-type="fig"} and Supplementary Table S1), indicating that there were circulated infections within the market in the short term. Other researchers have argued that the source of the coronavirus in the Market should be imported from elsewhere, or at least it should be not the single source of SARS-CoV-2 ([@bCohen2020]). In this study, evolutionary relationships indicated that H1 and its descendant haplotypes from the Market should be derived from H3 ([Figures 3](#Figure3){ref-type="fig"}, [4](#Figure4){ref-type="fig"}). H3 mutated to the H1 by two substitutions, and none of the currently available Market samples encoded H3, suggesting that H3 might have originated and spread outside of the Market before an early stage of population expansion. The non-synonymous mutation from H3 to H1 might have enhanced the infectiousness of SARS-CoV-2, and a functional characterization should be performed to confirm this speculation. It is possible that SARS-CoV-2 in the Market had been transmitted from other places ([Figure 3D](#Figure3){ref-type="fig"}), or at least, that the Market did not host the original source of SARS-CoV-2 ([@bCohen2020]). As the first identified infected patients had no link to the Market ([@bHuang2020]), it is possible that infected humans transmitted the H1 haplotype of SARS-CoV-2 to workers or sellers in the market, after which it rapidly circulated there due to its special surroundings. The crowded market boosted SARS-CoV-2 transmissions to buyers and spread it to the whole city in early December 2019, corresponding to the estimated population expansion time. Due to insufficient sampling from Wuhan in the currently available samples, it is not clear whether H3 never appeared in the Market, or H1 was quickly derived from H3 to adapt in the Market.

. Regional and worldwide circulation and spread {#s03.05}
-----------------------------------------------

Of the 54 genomes from patients in China, Chongqing (3 samples), Guangdong (18), Hubei (22), Taiwan (2), and Zhejiang (4) have more than two samples, and the other five provinces have one sample. Hubei (Wuhan) samples dated from 24 December 2019 to 05 January 2020 encoded 13 haplotypes, belonging to Groups C (H1 and 11 satellite haplotypes) and B (only H3). These relationships indicated a rapid transmission and circulation of SARS-CoV-2 in Wuhan at an early stage of human-to-human transmissions. H1 (no satellite haplotypes) and H3 are the ancestors of haplotypes outside of Wuhan/Hubei because most of early confirmed patients might have history in Wuhan or Hubei. Eighteen Guangdong samples, collected from 10--23 January 2020, encoded 15 haplotypes, belonging to Groups A, C, and E, showing that there were multiple sources imported into Guangdong. Three haplotypes (H14, H15, and H17) may have evolved locally, indicating that human-to-human transmissions happened when SARS-CoV-2 initially spread to Shenzhen in Guangdong Province ([@bChan2020]). Two samples from Taiwan Province, China, encoded H3 and H24 in Groups B and D, respectively, and three samples from Chongqing encoded H1, H40, and H45 in Groups B and C, respectively. There were two sources imported into these two provinces. Four Zhejiang samples encoded H1 and H24 in Group C, which might be only imported from the source of the H1 haplotype.

The samples outside China encoded 31 haplotypes belonging to Groups A--E. Of these, 27 haplotypes are private by regional samplings, only two samples from Thailand were the H1 haplotype, one each from Australia and Belgium were the H3 haplotype, one from the United States was the H19 haplotype, and one from Singapore was the H40 haplotype. Twelve samples, encoding 10 haplotypes, were from patients in five countries in Asia. Six haplotypes linked to H1, and two each linked to H3 and H1, respectively, indicating the 12 patients were infected by different sources. Human-to-human transmissions may have happened from patients with H53 to H52 haplotypes in Tokyo, Japan. Five Australian samples, encoding six haplotypes in Groups B, C, and D, were from patients of three states. Patients with H3, H25 and H26, and with H55 were in Groups B and C, respectively, and human-to-human transmission might have happened from the patients with H25 to H26, who were in a same tour group in Queensland ([@bAAP2020]). The connection between the patients with H56 and H27 is not clear. One possibility is that there was an intermediary spreader with H56, who also transmitted SARS-CoV-2 to other patients in France, the United States, and Taiwan Province of China. Eight European samples, encoding seven haplotypes, were from patients in four countries. The patients in England were reported as a household transmission from H28 to H29 ([@bLillie2020]). The patients in France may have been infected by three different sources, i.e., H44 was linked to H1, H43 might link to H40 (in Chongqing, Singapore or somewhere else), and H30 might link to an intermediary spreader with H56. Of the 13 genomes from the United States, three were from the same patient in Washington encoding the same haplotype H38, while the other ten samples encoded eight haplotypes, covering all five groups ([Figure 3A](#Figure3){ref-type="fig"}, [B](#Figure3){ref-type="fig"}), so the sources of infections are complicated. There is no evidence of human-to-human transmission in the United States from these 11 cases. To clarify the exact origins of these haplotypes outside China, we need more epidemiological investigative efforts and more SARS-CoV-2 genomic data from patients at the early stage of transmissions.

. Phylogenetic approaches provide insights into the epidemiology of SARS-CoV-2 {#s03.06}
------------------------------------------------------------------------------

Epidemiological study of SARS-CoV-2 using traditional approaches is very difficult, because it was not identified as a new coronavirus until 29 December, and some infected people with mild symptoms or without symptoms ([@bHeymann2020]; [@bRothe2020]; [@bWu2020]) may have been overlooked in late November and early December. Evolutionary analyses suggested that the source of the H1 haplotype in the Huanan Market was imported from elsewhere, as has been suggested by other researchers ([@bCohen2020]). The rooted network suggested that H13 and H38 should be ancestral haplotypes that connected to the outgroup bat-RaTG13-CoV through a hypothesized intermediate haplotype ([Figure 5](#Figure5){ref-type="fig"}). The most common ancestral haplotype was missed because the currently available samples do not include the first identified infected patient and other patients from early December, and because of the relatively high mutation rate of the viral genome. If there are any frozen samples from those patients, it would be worth doing genomic sequencing for phyloepidemiologic study to help to locate the birthplace of SARS-CoV-2. Meanwhile, we expect that the H13 and H38 haplotypes might be found in some samples from infected patients in Wuhan or in other places across the world if more samples are sequenced in future. This will be very helpful in the search for the original sources of SARS-CoV-2, because both H13 and H38 tend to be ancestral haplotypes.

The evolutionary network of haplotypes can be used to recover the directions of human-to-human transmissions at the local scale and spread at the larger scale. The central haplotype can be considered as the super-spreader haplotype, and the tip haplotype is the most recent descendant, similar to the definition and use of mtDNA haplogroups in tracing human demographic history ([@bYao2002]). The transmission direction can be identified using the connection information of tips and branches. For example, the confirmed patients from the Huanan Market shared the common ancestral haplotype H1, indicating they might be infected from a common source, who may have been a super-spreader in the market. This approach has recovered potentially specific directions of human-to-human transmission in the Shenzhen family (H13 → H14), the Queensland tour group (H25 → H26), the England family (H28 → H29), and the Japanese (H53 → H52). It is possible that some infections could link to Wuhan or Hubei directly or indirectly, because the patients claimed connections to Wuhan or Hubei, but for some of them it is not clear exactly where they were infected. We suspect that there were super-spreaders mediating the spread of SARS-CoV-2 at the early stage of transmissions.

Our findings showed that SARS-CoV-2 has not had legitimate recombination. Thus, the haplotype-based phyloepidemiologic analyses provide a powerful way to understand the evolution of SARS-CoV-2 at the very early stage of transmission when reverse mutations and illegitimate recombination are rare. In our analysis, recombination is rejected but the outgroup bat-RaTG13-CoV is relatively highly diverged from SARS-CoV-2 haplotypes, which may affect the phyloepidemiologic analyses. Based on the estimated mutation rate of current SARS-CoV-2 viruses, the reverse mutations should be 6×10^−3^ (0.92×10^−3^×0.92×10^−3^ per site per year×29 358 sites×2/12 year), with a neglectable influence on our result. But our observations leave one important question: why are ancestral haplotypes, like H13 and H38, less frequent than H1? It is highly possible that H1 acquired adaptive mutations, such as NS of site 28151, from H3 or H13 (and/or H38), evolved in an independent circulation after they jumped into intermediate hosts or directly transmitted to humans, which should be investigated in future studies if more early genome datasets are available. The exact original sources of H13 and H38 will stay as unsolved mysteries if the early stage samples were not preserved.

An early version of our manuscript was posted at ChinaXiv (DOI: 10.12074/202002.00033) on 19 February 2020. Since then, there have been many news stories stemming from our manuscript with a biased interpretation of the results. This is beyond our expectation. During the review of this manuscript, there were some reports of analyses of SARS-CoV-2 genomic variations based on a larger sample size (e.g., [@bForster2020]; [@bTang2020]), which showed a similar phylogenetic pattern as we present here. We expect more data-mining of the increasing number of SARS-CoV-2 genomes will provide updated insights into the origin and transmission of this virus.
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